This study was to determine the relationship of antemortem to postmortem morphine concentrations in heart and femoral blood in a porcine model following acute intravenous opiate overdose. The study involved 20 swine; each was sacrificed 10 min after injection of 2 mg/kg body weight of morphine. Drug concentrations were assayed from vitreous humor and blood isolated from the femoral vein and artery and left and right ventricles at various times postmortem. Comparisons were made between antemortem and postmortem values to determine agreement and reliability. Both free and total postmortem values varied significantly among animals, sampling sites, and over time.
Introduction
Fatalities due to opioid overdose are an increasingly common occurrence in the United States (1-3). The death rate from unintentional heroin poisoning and more recently, prescription opioid analgesics, is rising not only in the U.S., but in many other parts of the world as well (2, 4, 5) . According to 1999 data from the American Association of Poison Control Centers, over 10,000 cases of opioid exposures were reported to poison centers in that year, and 100 of these cases resulted in fatalities (6) . This finding clearly underestimates the problem because many cases of illicit drug toxicity are likely unreported (2) . In addition to overdose cases, opioids can be incidental findings in cases of death involving medical care and treatment. Opioids detected as part of the postmortem examination are reported as postmortem drug concentrations and add to the circumstances surrounding the death to contributing to the determination of cause. Most importantly, postmortem drug concentrations do not necessarily reflect antemortem drug concentrations. Rather, careful sampling, review of case information, postmortem interval, and a knowledge of the specific properties of the drug facilitate interpretation on a case-by-case basis. Comparison data using antemortem and postmortem morphine concentrations in humans are limited, and the existing animal data are scant and offer conflicting results.
Morphine
Postmortem morphine can be present from a number of sources including legitimate prescriptive use or abuse of licit and illicit opioids. Investigation of postmortem factors such as site dependence and redistribution tend to focus on morphine as the target opiate. Reports of morphine-related deaths indicate that morphine concentrations (free, bound, and total) in postmortem specimens vary greatly (7) (8) (9) . Furthermore, blood morphine concentrations in morphine-related deaths (as determined by medical the examiner) overlap with those found in non-drug-related deaths, such as homicides and suicides, and compliant therapeutic use (9) .
Researchers often use small animal models for convenience of large sample sizes for replication and shorter intergenerational periods (10) (11) (12) (13) . However, despite the difficulties associated with a large animal model (e.g., swine, primate), they more closely simulate the changes that occur in humans than small animal models (e.g., rat, rabbit), thus minimizing any exaggeration caused by diffusion or drug redistribution as a result of biological scaling (9, 11, 13, 14) . In addition, repeated sampling by moderate volume aspiration (2-3 mL) is less likely to result in significant contamination of blood from regions distal to the sample site in a large animal model. Using paired peripheral arterial and venous sites and left and right heart ventricles facilitates the evaluation of sampling specific sites on postmortem morphine concentrations. Furthermore, these data may provide valuable information regarding the postmortem/antemortem relationship and allow practical evaluation of basic issues of sample collection.
Morphine in vivo
Intravenous morphine has relatively rapid distribution, metabolism and excretion (15, 16) . After absorption, morphine leaves the circulation rapidly, and the distribution phase halflife for IV morphine is 0.9-2.5 min (17) . Morphine readily distributes throughout the body to highly perfused tissues such as lungs, kidney, liver, spleen, and muscle (18, 19) . Morphine binds to albumin and gamma globulin; binding is independent of dose, but somewhat dependent on protein concentration (20) . This hydrophobic nature of the molecule makes it less "bioavailable" and more difficult to predict its reactions in vivo (7, 8) . Femoral blood is widely accepted as the most reliable postmortem specimen for drug analysis in forensic toxicology (19) .
Factors such as age, intercurrent disease, and concomitant drug use also influence morphine pharmokinetics (21, 22) . Although the therapeutic clinical range for morphine is suggested in the literature [2-10 mg oral or intravenous, or approximately 150 ng/kg bodyweight (23) ] and the minimum effective concentrations estimated (15-65 ng/mL) (7, 8) , these values do not represent all clinical scenarios because of the development of tolerance to the respiratory and analgesic effects. Although peripheral blood morphine concentrations are reported as closer to the antemortem dose (19) , there is also ample concern about the instability of morphine and its metabolites, such that postmortem concentrations make unreliable indicators of antemortem values. Determining the administered dose of morphine from postmortem sampling is not recommended (7, 8) .
Pig model
Morphine is a commonly used analgesic drug in humans, but it is used less frequently in animals because it causes agitation in many species (8) . A review of standard references of drug dosing in animals reveals no pharmacokinetic studies defining distribution and elimination half-life, volume of distribution, or pattern of metabolite formation after morphine administration in domestic swine. Consequently, pharmacokinetic parameters of morphine remain understudied in many species commonly used as experimental models.
Pigs are generally considered the closest immunologic and metabolic model to humans, barring primates, and afford certain considerations because of biological scaling not available in rodents (24) . Turnblad and colleagues (25) , when studying meningitis in swine, noted the administration of intravenous morphine hydrochloride to yield 1 mg/kg with an infusion over 10 min. This amount equates to about half of what we employ in this study. As a first step, we measured basic pharmacokinetic parameters after intravenous injection of a single dose (data not presented) as a prelude to our use of the porcine model to look at postmortem changes in morphine concentrations.
The purpose of this study was to clarify the relationship between ante-and postmortem concentrations of morphine in a controlled study. Understanding this relationship influences how antemortem exposure to morphine is inferred from postmortem toxicology results. The present study measured drug concentrations in postmortem femoral and heart blood samples from swine and compared them with the concentration found in whole-blood samples from the same subjects collected antemortem.
Methods

Sampling animal model
An overview of the experimental schema is shown in Figure 1 . Twenty New Hampshire swine (Four Daughters Co.) weighing between 50 and 70 kg were housed in the institutional animal care facility at the University of New Mexico Health Sciences Center. Animals were fed standard pig chow (Purina) and water ad lib. The animals were acclimated to a 12-h diurnal cycle. After a 7-day observation period, animals were fasted for 12 h and then sedated with telazol (4 mg/kg) and xylazine (2 mg/kg) administered by intramuscular injection (IM). After sedation, a peripheral intravenous (IV) catheter was inserted in an auricular vein. The animals were intubated with an endotracheal tube and maintained under general anesthesia with isoflu-rane. The left femoral vein and artery were surgically exposed under general anesthesia. Swine were injected with morphine sulfate, administered through the ear vein at 2 mg/kg, 30 rain prior to sacrifice. A limited thoracotomy was performed to allow visual identification of the left and right ventricle. Antemortem specimens were collected approximately 20 min after administration (10 min prior to sacrifice), including blood aspirated from the femoral vein and artery and the left and right ventricles (all under direct visualization), as well as vitreous humor specimens from the left eye.
Animals were sacrificed by inhatational anesthesia/thoracotomy with death confirmed by cessation of respirations and cardiac activity on visual inspection. Animals were placed in 8 Figure 1 . Experimental sampling schematic.
Table I. Number of Samples Collected by Site and Time of Collection
Arterial Venous (Post-Pulmonary) (Pre-Pulmonary) the supine position for 8 h at room temperature. Following this 8-h interval, cadavers were stored with minimal manipulation at 4~ representing morgue storage conditions. Approximately 3-mL blood samples were drawn from the left and right ventricles and the femoral vein and artery at postmortem time points of 5, 30, 60, 120, 240, 480, 720, 1440, 2880, and 5760 rain. Samples were obtained by needle aspiration under direct visualization. Postmortem changes in the conditions of the animals at times inhibited the collection of all samples (e.g., collapse of a blood vessel). When feasible, 3-mL samples were drawn while avoiding the risk of contamination from proximal vessels. In all, 418 specimens were obtained (Table I) .
Vitreous samples were obtained at the postmortem times of 1, 4, 24, and 96 h. Because of sample volume limitations, only a single sample was available from each eye, yielding a maximum of 40 samples. Of these, a total of 35 samples provided sufficient volume for quantitative analysis (Table I) . 
Specimen preparation and storage
Blood samples were collected in gray-top Vacutainer TM tubes containing sodium fluoride and potassium oxalate. Vitreous fluid was collected in sterile Vacutainer tubes. No preservative was added. Samples were refrigerated at 4~ upon collection.
Morphine quantification
Quantitative free morphine analysis was conducted using solid-phase extraction and gas chromatography-mass spectrometry (GC--MS). Silanized glassware and deuterated internal standards were used throughout. Morphine-d3 (Cerilliant) was added to 1 mL of sample to give a final concentration of 0.25 mg/L. Blood proteins were precipitated by addition of 2 mL of cold acetonitrile while vortex mixing. Samples were centrifuged for 10 min at 4000 rpm. The supernatant was transferred to a clean glass tube, and I mL of 0.1M HCI was added. Acidified samples were filtered by gravity using Cerex Clin II solid-phase extraction columns (SPEWare) and were washed with 1 mL deionized water, 0.1 M HCt, methanol, and ethyl acetate in that order. Columns were then dried under vacuum for 5 rain. Morphine was eluted from the column using I mL methylene chloride/isopropyl alcohol (80:20) containing 2% concentrated ammonium hydroxide. Extracts were evaporated to dryness under nitrogen. Samples were reconstituted using 15 pL ethyl acetate and 15 pL _N-methyl-_N-trimethylsilyltrifluoroacetamide (MSTFA) followed by derivatization at 70~ for 15 min.
For total morphine determination, deuterated morphine-3-glucuronide was used as the internal standard. Following addition of 0.25 mg/L morphine-3-glucuronide-d3 (Cerilliant), samples were incubated for 3 h at 37~ with 5000 IU of E. coli type IX, ~-glucuronidase (Sigma). After deconjugation and cooling to room temperature, samples were assayed as described.
An HP 5973 MSD with 30-m DB-5 column (0.25~mm i.d., 25-lJm film thickness) was used for separation and identification. A 2-1JL splitless injection was delivered onto the column run according to the following program: 160~ ramped at 30~ to 260~ for 2 rain; 30~ to 290~ for 5 rain. Injector and interface temperatures were 250 and 280~ respectively. Data were acquired by selective ion monitoring (m/z 429, 324, and 287 for morphine and 432, 327, and 291 for morphine-d3; quantitation ions are shown in bold). Calibration curves were constructed between 0.010 and 1.000 mg/L by fortification of bovine blood with the appropriate drug standard. R 2 values in the linear range were 0.999 or greater. The limits of detection and quantification were 0.005 and 0.010 rag/L; these were defined as the lowest concentration of drug that produced a signal-to-noise ratio of 3:1 or 10:1, respectively, and with ion ratios with acceptable limits (+_ 20%). Accuracy was 93-97% using in-house controls fortified with free morphine between 0.015 and 0.950 mg/L and 89-104% for total morphine in the range 0.067-0.417 mg/L.
Replicate analysis of a commercial whole blood control (Utak Laboratories) indicated 104% accuracy and an intra-assay CV of 6.6% (n = 4) at 0.1 mg/L. A commercial free morphine whole blood control (0.1 rag/L) was included with each run in addition to in-house controls for both free (0.25 rag/L) and total (0.25 mg/L) morphine.
Statistical analysis
Data were analyzed using both the raw (untransformed) and natural log transformed values for both free and total morphine concentrations. The natural log transformation was used as
about the mean as well as stabilizing the variance (it amplifies the variance at low values while reducing the variance at high values, reducing heteroscedasticity).
As a measure of agreement between sampling sites, we calculated ratios on untransformed values. As a measure of overall relativity, site values for both free and total morphine concentrations were compared within each animal to their corresponding level at the antemortem measurement (10 rain before euthanasia).
Analyses of data from vitreous samples used both left and right eyes as interchangeable. To test for the effect of time to sampling on morphine concentration, the antemortem to postmortem ratios were regressed against the number of hours to sampling. The slope of the regression line approximated the apparent decline of morphine over time.
Inference testing for morphine values was conducted only on the log transformed data. A generalized linear modeling approach was used to test for differences in the mean values of morphine concentrations between the different sampling sites. Tukey's Honestly Significant Difference (HSD) post-hoc procedure was used to adjust for multiple comparisons.
To test for site and time dependent differences, we conducted a repeated measures analysis of variance. Because of the limited samples available at some anatomic sites (e.g., thoracic pool and vitreous samples) and for the incomplete time sampling strategy, we limited our repeated measures analysis of variance to samples collected from the femoral vein, left ventricle and right ventricle at time 0 (antemortem), 8 h, 24 h, and 48 h (postmortem).
For all statistical inference, we used a two-tailed Type I error rate of 5% or calculated 95% confidence intervals about the point estimate.
Data were entered into a Microsoft Excel spreadsheet, then transferred to SAS (SAS Institute, version 9.0, Cary, NC) for data management and analysis. Graphical analyses were conducted in S-Plus (Insightful, version 6.2, Seattle, WA).
Results
Table I details the number of specimens per site and time of sampling. Table II provides the mean free and total morphine concentrations per site and time of sampling. There was considerable variation in values for both free and total morphine regardless of site.
In order to assess the ability of postmortem drug concentration to predict an antemortem value, we compared animal and site-specific antemortem values to corresponding postmortem values. These ratios are presented graphically in Figure 2 . The dashed horizontal line presents the expected value if there were a one-to-one correspondence of ante-and postmortem values. The solid line presents the least squares regression line of the data. In general, postmortem free morphine values were on average higher than antemortem values (the regression line is above the dashed line); whereas postmortem total morphine values were similar to or slightly lower than antemortem values. There was little overall effect of sampling time on the observed postmortem to antemortem ratios, and the effect was not consistent between the different sites. Among the free morphine value ratios, the femoral artery and right ventricle means increased over time; the left ventricle and femoral vein stayed the same; and the vitreous declined slightly (Table II) . Among the total morphine value ratios, the right ventricle mean values increased over time, while the other sites decreased (Figure 2 ). Only the vitreous site declined substantially. Finally, we conducted analyses to account for the repeated measurements over within the same animal. 
Discussion
Postmortem morphine values demonstrate substantial variation, across both sampling site and time from death. While in population studies it may be possible to conclude that on average postmortem free morphine values are higher (and total morphine values are similar to or are slightly lower) than antemortem values, and that values tend to decline over time, the tremendous variation observed across individual sites and times demonstrates that it is not possible to draw definitive conclusions about any single measurement in a given individual.
Postmortem examinations of humans, which have attempted to relate postmortem drug concentrations to the antemortem circulating concentration or antemortem dose received, have generally demonstrated that postmortem drug concentration in blood are highly variable, but are often as high as, or higher than, the antemortem circulating plasma drug concentration at the time of death (16, 19, 26) . In several cases within the described study, the difference observed between the two concentrations was significant. Previous studies, citing the wide array of endogenous and exogenous factors that could influence the relationship between antemortem and postmortem morphine concentrations, suggest that this variability precludes the development of a general rule in this regard. There are numerous endogenous and (C) blood (e.g., heart ) to peripheral (P) fluids exhibits another source of variance. Other variables might influence the disparity between central to peripheral concentrations, such as the interval between death and postmortem examination. This factor largely affects site-specific postmortem drug concentrations (27) . It is likely that this interval would also affect the postmortem/antemortem drug concentration ratios calculated for these drugs, although drug concentrations in the femoral vein after death appear to be relatively stable with time (27) again making any extrapolation using these data unreliable. In an autopsy series, Logan and Smirnow (28) demonstrated that free morphine concentrations from femoral and left ventricular blood were generally in agreement at lower concentrations but varied greatly at higher concentrations. Since untransformed data tend to coalesce around zero and demonstrate greater variability at higher concentrations, it is possible that their conclusion is influenced by the lack of statistical correction. The finding that drugs exhibiting a high C/P ratio tend to have a high postmortem/antemortem ratio might prove useful in dealing with future cases in which poisoning may be a feature. Despite the variability, the range of quantified morphine we report (approximately 0.5-30.0pM) is consistent with previous authors results (25) .
The factors that influence postmortem redistribution are well-established, and a number of authors (29, 30) have published useful lists of CIP ratios. It is often desirable to determine whether to attribute the drug concentration found at postmortem examination to therapeutic ingestion versus overdose. The difficulty is mostly attributable to the influences of postmortem change and thereby do not support the use of postmortem/antemortem ratios, or direct inference from a postmortem concentration (19, 27) . In addition to this point, a significant, although subjective, factor in attribution of a postmortem blood concentration of an opioid to either therapeutic use or overdose is whether the medical examiner can establish whether tolerance existed and, if so, to what degree.
There are a number of human and animal studies regarding forensically significant postmortem redistribution of pharmaceutical agents (e.g., digoxin, tricyclic antidepressants) (11, 12, 27, 29) . Authors propose several theories to explain these changes in drug concentrations after death at various body sites. A drug may be released from tissues with high antemortem drug concentrations and diffuse to adjacent areas after death (30) . In cases of oral overdose, a drug may diffuse through the stomach wall into surrounding blood and tissue. Postmortem flow of blood due to pressure changes in the abdominal compartment during decomposition has also been described (31, 32) . Drugs may also repartition as the pH decreases, as occurs with death and decomposition (32) . In addition, drug metabolism due to hydrolysis, continued enzyme activity, or bacterial metabolism may alter drug concentrations (33) (34) (35) . It is not clear which of these factors, if any, is predominantly responsible for postmortem drug redistribution or if various combinations may predominate depending on the characteristics of the drug and conditions of the body and the postmortem setting. Regardless, it is clear that the majority of these postulated mechanisms are dependent on the diffusion of a drug with a concentration gradient.
Published data specifically describing postmortem redistribution of morphine, the prototypical opioid, are limited to two categories, a small number of small animal studies and a number of autopsy reviews of heroin (and or morphine) deaths that are severely limited by the absence of antemortem morphine concentrations for comparisons. Published animal data on postmortem morphine distribution include studies using rats, rabbits, guinea pigs, and mice. Sawyer and Forney (10) conducted a series of experiments in rats evaluating postmortem morphine concentrations over time at various body sites while comparing these values to antemortem orbital sinus blood morphine concentrations. Sawyer and Fomey (10) found that postmortem heart-blood morphine concentrations increase when compared to antemortem values, even with postmortem intervals as short as 5 rain. Morphine concentrations continue to rise with increasing postmortem intervals, especially in heart-blood, heart tissue and liver. Authors attribute increasing levels of free morphine over time to conversion or to repartitioning of morphine into areas of lower pH such as the blood. In vitro studies have also suggested that morphine metabolites may undergo postmortem hydrolysis (36) . Concentration changes in postmortem blood were reported during extended storage for 124 days at 4~ However, the authors concluded that the changes were inconsistent and highly variable between samples. Although the extent of possible deconjugation during the postmortem interval is not known it absolute terms, the magnitude of the change is likely small given the study conditions described here.
Koren and colleagues (11, 12) examined postmortem morphine distribution in a rat model. Animals received intramuscular morphine prior to sacrifice and free morphine concentrations collected at 0, 24, and 96 h postmortem. Heartblood morphine concentrations increased 2.7-fold on average by 24 h with no further significant increase at 96 h. Because of a lack of true antemortem concentrations, the differences observed in the study may underestimate the magnitude of change.
Schmidt et al. (37) reported on postmortem morphine redistribution in a rabbit model. In contrast to previous studies, they reported that heart-blood morphine and metabolite concentrations decreased to 70% of antemortem values after a 12-h postmortem interval. Unfortunately, because of the small sample size (n = 6), it is difficult to make statistical comparisons. However, these studies do allude to the limitations of the small animal model. Studies in a rat model demonstrate changes in morphine concentration over time, a finding contrary to those observed in the rabbit study, possibly reflecting the effect of relative animal size on the degree of drug diffusion. Other limitations of note include requiring large sample volumes or repeated samples from a single site. In a small animal, this increases the risk that blood from adjacent vessels may contaminate samples collected. For example, the volume of blood in the femoral vein in a rat is small and large volume aspirations might potentially draw blood from the iliac vein or inferior vena cava. These studies typically refer to sample sites as "femoral vessel" or "heart," with no distinction between heart chamber, artery, or vein. Drug concentrations can vary according to whether an investigator samples blood from an artery or its paired vein (33, 34) . In addition, left heart drug concentrations can differ from the right heart drug concentrations (38, 39) .
Small animal models have limited use for understanding human morphine distribution. Consider two factors relevant to diffusion, distance and the permeability (or thickness) of tissues. In small mammals, these barriers to diffusion may be minimal. Diffuse organs that concentrate opioids, such as the lungs, liver, and stomach, are within millimeters of the heart and great vessels, the traditional postmortem sampling sites. In addition, organ walls and tissue barriers like the diaphragm are relatively thin in small animals, again minimizing diffusion barriers. Because of these factors, small animal models would likely amplify any postmortem distribution effects due to diffusion; however, they are all that are currently available for comparison. Therefore, it seemed logical that studies to resolve issues of postmortem distribution for specific drugs in humans should also occur in large animal models (e.g., swine) to reduce the issues related to biological scaling.
A couple of factors likely contributed to the unexpected variation in these data. We observed that antemortem morphine concentrations, relative to fixed inoculation concentrations (2 mg/kg morphine), were highly variable. This demonstrates that high variance in postmortem values are not a postmortem artifact as alluded to in this and other studies. Even within in the same animal, morphine concentrations were variable among sampling sites relative to time (same time, different sites). These data do support that among the many deaths occurring annually from opiate intoxication, attempts to interpret antemortem dose from postmortem values are problematic as concentrations detected postmortem vary with the individual, location of sampling, and time after death.
